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/— S100
DETERMINE LOCATION-ERROR CONTROL SIGNALS AND
LOCATION-DERIVED CURVATURE (E.G., ygps AND Pgps)
FROM THE LOCATION DATA FOR THE VEHICLE BASED ON A
LOCATION-DETERMINING RECEIVER ASSOCIATED WITH THE
VEHICLE.

\ —5102
DETERMINE VISION-ERROR CONTROL SIGNALS AND
VISION-DERIVED CURVATURE (E.G., Yvision AND P\yision)

FROM VISION DATA FOR THE VEHICLE BASED ON A VISION MODULE
ASSOCIATED WITH THE VEHICLE.

ESTIMATE LOCATION QUALITY DATA FOR THE LOCATION DATA
1 DURING AN EVALUATION TIME WINDOW.

%

[~ S106
ESTIMATE VISION QUALITY DATA FOR THE VISION DATA DURING THE
EVALUATION TIME WINDOW.

—S108
DETERMINE OR SELECT ONE OR MORE OF THE FOLLOWING
CONTRIBUTION FACTORS: (1) A LOCATION DATA WEIGHT FOR
APPLICATION TO THE LOCATION-ERROR CONTROL SIGNAL, (2) A
VISION DATA WEIGHT FOR APPLICATION TO THE VISION-ERROR
CONTROL SIGNAL, (3) A LOCATION DATA WEIGHT AND A VISION
DATA WEIGHT, (4) A MIXING RATIO, (5) AN OFF-TRACK MIXING RATIO,
A HEADING MIXING RATIO, AND A CURVATURE MIXING RATIO, (6) A
CURVATURE DATA WEIGHT, (7) A VISION CURVATURE DATA WEIGHT,
AND (8) A LOCATION CURVATURE DATA WEIGHT.

" [ S110
APPLY THE DETERMINED OR SELECTED CONTRIBUTION FACTORS
TO DEFINE RELATIVE CONTRIBUTIONS OF LOCATION DATA AND
VISION DATA (OR LOCATION-ERROR DATA AND VISION-ERROR DATA
DERIVED THEREFROM) TO THE ERROR CONTROL SIGNALS,
CURVATURE OR BOTH FOR THE GUIDANCE OF THE VEHICLE.

Fig. 2
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- S300
IDENTIFY A RELATIONSHIP (E.G., QUALITY-MIXING RELATIONSHIP OR
RULE) BASED ON THE RESPECTIVE INPUT VALUES (E.G., QUALITY
LEVELS OR LINGUISTIC VALUES) ASSOCIATED WITH ONE OR MORE
OF THE FOLLOWING: VISION QUALITY DATA, LOCATION QUALITY
DATA, AND CURVATURE.

/ S302
DETERMINE OUTPUT VALUES (E.G., NUMERICAL OUTPUT VALUES)
ASSOCIATED WITH THE LOCATION DATA WEIGHT, THE VISION DATA
WEIGHT, OR OTHER CONTRIBUTION FACTORS (E.G., CURVATURE OR
MIXING RATIOS) FOR ERROR CONTROL SIGNALS, CURVATURE OR
BOTH BASED ON THE IDENTIFED RELATIONSHIP.

/[ S304

APPLY ANY OF THE FOLLOWING DETERMINED OUTPUT VALUES TO
THE ERROR CONTROL SIGNALS, THE CURVATURE, OR BOTH: A
VISION DATA WEIGHT (E.G., Qyision ), A LOCATION DATA WEIGHT
(E.G., A gps ), THE MIXING RATIO, A MIXING RATIO FOR OFF-TRACK
ERROR DATA (E.G., aoff ), AND A MIXING RATIO FOR A HEADING
ERROR DATA ( athead )» AND A MIXING RATIO FOR CURVATURE
DATA (& cyrv):

Fig. 3
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/- S400
IDENTIFY A RELATIONSHIP (E.G., QUALITY-MIXING RELATIONSHIP OR
RULE) BASED ON THE RESPECTIVE INPUT VALUES (E.G., QUALITY
LEVELS OR LINGUISTIC VALUES) ASSOCIATED WITH VISION QUALITY
DATA, LOCATION QUALITY DATA, AND CURVATURE.

/[ S402
DETERMINE OUTPUT VALUES (E.G., NUMERICAL OUTPUT VALUES)
ASSOCIATED WITH THE LOCATION DATA WEIGHT, THE VISION DATA
WEIGHT, OR CURVATURE DATA WEIGHT FOR THE IDENTIFIED
ERROR CONTROL SIGNALS AND CURVATURE BASED ON THE
IDENTIFED RELATIONSHIP.

v —S404
APPLY ANY OF THE FOLLOWING DETERMINED OUTPUT VALUES TO
THE ERROR CONTROL SIGNALS AND THE CURVATURE: A VISION
DATA WEIGHT (E.G., ®yision ). A LOCATION DATA WEIGHT
(E.G.,agps ), THE MIXING RATIO, A MIXING RATIO FOR OFF-TRACK
ERROR DATA (E.G., aoff ), AND A MIXING RATIO FOR A HEADING
ERROR DATA ( athead ). AND A MIXING RATIO FOR CURVATURE
DATA (ot gyry )» LOCATION CURVATURE DATA WEIGHT ( agps, o). AND
VISION CURVATURE DATA WEIGHT (& yision, p )-

Fig. 4
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[ S300
IDENTIFY A RELATIONSHIP (E.G., QUALITY-MIXING RELATIONSHIP OR
RULE) BASED ON THE RESPECTIVE INPUT VALUES (E.G., QUALITY
LEVELS OR LINGUISTIC VALUES) ASSOCIATED WITH ONE OR MORE
OF THE FOLLOWING: VISION QUALITY DATA, LOCATION QUALITY
DATA, AND CURVATURE.

/ S302
DETERMINE OUTPUT VALUES (E.G., NUMERICAL OUTPUT VALUES)
ASSOCIATED WITH THE LOCATION DATA WEIGHT, THE VISION DATA
WEIGHT, OR OTHER CONTRIBUTION FACTORS (E.G., CURVATURE OR
MIXING RATIOS) FOR THE ERROR CONTROL SIGNALS, CURVATURE
OR BOTH BASED ON THE IDENTIFIED RELATIONSHIP.

\ / S500

GENERATE ERROR CONTROL SIGNALS FOR STEERING THE VEHICLE
IN ACCORDANCE WITH THE FOLLOWING EQUATION:

y = Qyision X Yvision ¥ ¥ gps X Ygps »
WHERE y IS THE ERROR CONTROL SIGNAL, aision 1S THE VISION
DATA WEIGHT, Yvision IS THE ERROR CONTROL SIGNAL FROM
VISION DATA, & gps IS THE LOCATION DATA WEIGHT, ygps IS THE
ERROR CONTROL SIGNAL FROM LOCATION DATA, AND

Q visiont & gps = 1.

Fig. 5
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/S S400
IDENTIFY A RELATIONSHIP (E.G., QUALITY-MIXING RELATIONSHIP OR
RULE) BASED ON THE RESPECTIVE INPUT VALUES (E.G., QUALITY
LEVELS OR LINGUISTIC VALUES) ASSOCIATED WITH VISION QUALITY
DATA, LOCATION QUALITY DATA, AND CURVATURE.

/[ S402
DETERMINE OUTPUT VALUES (E.G., NUMERICAL OUTPUT VALUES)
ASSOCIATED WITH THE LOCATION DATA WEIGHT, THE VISION DATA
WEIGHT, OR CURVATURE DATA WEIGHT FOR THE IDENTIFIED
ERROR CONTROL SIGNALS AND CURVATURE BASED ON THE
IDENTIFIED RELATIONSHIP.

\: / S502
GENERATE AN ERROR CONTROL SIGNAL FOR STEERING THE
VEHICLE IN ACCORDANCE WITH THE FOLLOWING EQUATIONS:

y = Qyjsion X Yvision + @ gps X Ygps

( yvision + ®gps =1)

WHERE YIS THE ERROR CONTROL SIGNAL, ¢vyision IS THE VISION
DATA WEIGHT, yvision |S THE ERROR CONTROL SIGNAL FROM
VISION DATA, & gps IS THE LOCATION DATA WEIGHT, ygps IS THE
ERROR CONTROL SIGNAL FROM LOCATION DATA,

AND
P = Qyision,p X Pvision * & gps.p X Pgps
(@vision,p +%gps,p =1)

WHERE p IS THE CURVATURE, Pvision S THE CURVATURE FROM
VISION DATA, pgps IS THE CURVATURE FROM THE LOCATION
DATA, Qyision, p 1S THE VISION DATA WEIGHT FOR CURVATURE,
®gps, p IS THE LOCATION DATA WEIGHT FOR CURVATURE.

Fig. 6
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VISION-AIDED SYSTEM AND METHOD FOR
GUIDING A VEHICLE

This document claims priority based on U.S. provisional
application Ser. No. 60/641,240, filed Jan. 4, 2005, and
entitled VISION-AIDED SYSTEM AND METHOD FOR
GUIDING A VEHICLE, under 35 U.S.C. 119(e).

FIELD OF THE INVENTION

This invention relates to a vision-aided system and method
for guiding a vehicle.

BACKGROUND OF THE INVENTION

Global Positioning System (GPS) receivers have been used
for providing position data for vehicular guidance applica-
tions. However, although certain GPS receivers with differ-
ential correction may have a general positioning error of
approximately 10 centimeters (4 inches) during a majority of
their operational time, an absolute positioning error of more
than 50 centimeter (20 inches) is typical for five percent of
their operational time. Further, GPS signals may be blocked
by buildings, trees or other obstructions, which can make
GPS-only navigation system unreliable in certain locations or
environments. Accordingly, there is a need for supplementing
or enhancing a GPS-based navigation system with one or
more additional sensors to increase accuracy and robustness.

SUMMARY OF THE INVENTION

A method and system for guiding a vehicle comprises a
location module (e.g., location-determining receiver) for col-
lecting location data for the vehicle. A vision module collects
vision data for the vehicle. A location quality estimator esti-
mates location quality data for the corresponding collected
location data during an evaluation time window. A vision
module estimates vision quality data for the corresponding
collected vision data during the evaluation time window. A
supervisor module selects a location data weight, a vision
data weight, or a mixing ratio based on the quality data for the
evaluation time window or an application interval trailing the
evaluation time window.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1is a block diagram of a system for guiding a vehicle
based on location data and vision data in accordance with the
invention.

FIG. 2 is a flow chart of a method for guiding a vehicle
based on location data and vision data in accordance with the
invention.

FIG. 3 is a flow chart of a method for determining the
relative contributions (e.g., weights) of location data and
vision data for vehicular guidance in accordance with the
invention.

FIG. 4 is a flow chart for another method for determining
the relative contributions (e.g., weights) of location data and
vision data for vehicular guidance in accordance with the
invention.

FIG. 5 is a flow chart for a method for generating a control
signal (e.g., an error signal) based on the location data and
vision data in accordance with the invention.

FIG. 6 is a flow chart for a method for generating a control
signal (e.g., an error signal) and a curvature in accordance
with the invention.

FIG. 7 is flow chart of the fuzzy logic aspect of the system
and method of this invention.

FIG. 8A and FIG. 8B is a chart of vision data quality and
location data quality as inputs and mixing ratios as outputs to
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2

determine a location data contribution (e.g., location data
weights) and a vision data contribution (e.g., vision data
weights) for vehicular guidance.

FIG. 9 is a graph of a fuzzy membership function for the
vision quality data and location quality data.

FIG. 10 is a graph of a fuzzy membership function for the
curvature determined by the location-determining receiver.

FIG. 11 is a graph of the crisp value for each mixing ratio,
which is associated with a defuzzification process.

FIG. 12 is a chart that illustrates static positioning error of
location data, such as a differential Global Positioning Sys-
tem (GPS) signal.

FIG. 13 is a chart that illustrates positioning error of loca-
tion data, such as a differential Global Positioning System
(GPS) signal after “tuning” by another sensor, such as a vision
module in accordance with the invention.

FIG. 14 is a flow chart that illustrates selection of a guid-
ance mode for a guidance system comprising a vision module
and a location-determining module.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

FIG. 1 is a block diagram of a guidance system 11 for
guiding a vehicle. The guidance system 11 may be mounted
on or collocated with a vehicle or mobile robot. The guidance
system 11 comprises a vision module 22 and a location mod-
ule 26 that communicates with a supervisor module 10.

The vision module 22 may be associated with a vision
quality estimator 20. The location module 26 may be associ-
ated with a location quality estimator 24. The supervisor
module 10 may communicate with a data storage device 16, a
vehicular controller 25, or both. In turn, the vehicular con-
troller 25 is coupled to a steering system 27.

The location module 26 comprises a location-determining
receiver 28 and a curvature calculator 30. The location-deter-
mining receiver 28 may comprise a Global Positioning Sys-
tem (GPS) receiver with differential correction. The location
determining receiver provides location data (e.g., coordi-
nates) of a vehicle. The curvature calculator 30 estimates the
curvature or “sharpness” of a curved vehicle path or planned
vehicle path. The curvature is the rate of change of the tangent
angle to the vehicle path between any two reference points
(e.g., adjacent points) along the path. The location module 26
may indicate one or more of the following conditions or status
(e.g., via a status signal) to at least the supervisor module 10
or the location quality estimator 24: (1) where the location
module 26 is disabled, (2) where location data is not available
or corrupt for one or more corresponding evaluation intervals,
and (3) where the estimated accuracy or reliability of the
location data falls below a minimum threshold for one or
more evaluation intervals. The location module 26 or loca-
tion-determining receiver 28 provides location data for a
vehicle that is well-suited for global navigation or global path
planning.

In one illustrative embodiment, the location module 26
outputs location data in the following format:

Eotf_gps
Veps = | Ehcad_gps |-
Peps
where B . is the off-track error estimated by the location

module 26 (e.g., location-determining receiver 28), By, .z s
is the heading error estimated by the location module 26, and
Pgps 18 the radius of curvature estimated by the location mod-
ule 26. The curvature does not represent an error estimate and
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there is no curvature quality associated with the radius of
curvature as used herein; rather, the curvature is a parameter
that may be used for selection of an appropriate guidance
mode or guidance rules, for example.

The vision module 22 may comprise an image collection
system and an image processing system. The image collec-
tion system may comprise one or more of the following: (1)
one or more monocular imaging systems for collecting a
group of images (e.g., multiple images of the same scene with
different focus settings or lens adjustments, or multiple
images for different field of views (FOV)); (2) a stereo vision
system (e.g., two digital imaging units separated by a known
distance and orientation) for determining depth information
or three-dimensional coordinates associated with points onan
object in a scene; (3) a range finder (e.g., laser range finder)
for determining range measurements or three-dimensional
coordinates of points on an object in a scene; (4) a ladar
system or laser radar system for detecting the speed, altitude
direction or range of an object in a scene; (5) a scanning laser
system (e.g., a laser measurement system that transmits a
pulse of light and estimates distance between the laser mea-
surement system and the object based on the time of propa-
gation between transmission of the pulse and reception of its
reflection) for determining a distance to an object in a scene;
and (6) an imaging system for collecting images via an optical
micro-electromechanical system (MEMS), free-space opti-
cal MEMS, or an integrated optical MEMS. Free-space opti-
cal MEMS use compound semiconductors and materials with
arange or refractive indexes to manipulate visible light, infra-
red, orultraviolet light, whereas integrated optical MEMS use
polysilicon components to reflect, diffract, modulate or
manipulate visible light, infra-red, or ultraviolet light. MEMS
may be structured as switching matrixes, lens, mirrors and
diffraction gratings that can be fabricated in accordance with
various semiconductor fabrication techniques. The images
collected by the image processing system may be in color,
monochrome, black-and-white, or grey-scale images, for
example.

The vision module 22 may support the collection of posi-
tion data (in two or three dimensional coordinates) corre-
sponding to the location of features of an object within the
image. The vision module 22 is well suited for using (a)
features or local features of an environment around a vehicle,
(b) position data or coordinates associated with such features,
or both to facilitate navigation of the vehicle. The local fea-
tures may comprise one or more of the following: plant row
location, fence location, building location, field-edge loca-
tion, boundary location, boulder location, rock locations
(e.g., greater than a minimum threshold size or volume), soil
ridge and furrows, tree location, crop edge location, cutting
edge on other vegetation (e.g., turf), and a reference marker.
The position data of local features may be used to tune (e.g.,
correct for drift) the location from the location module 26 on
a regular basis (e.g., periodically). In one example, the refer-
ence marker may be associated with high precision location
coordinates. Further, other local features may be related to the
reference marker position. The current vehicle position may
be related to the reference marker location or the fixed loca-
tion of local features. In one embodiment, the vision module
22 may express the vehicle location in coordinates or a data
format that is similar to or substantially equivalent to the
coordinates or data format of the location module 26. The
vision module 22 may indicate one or more of the following
via a status or data message to at least the supervisor or the
vision quality estimator 20: (1) where the vision module 22 is
disabled, (2) where vision data is not available during one or
more evaluation intervals, (3) where the vision data is
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unstable or corrupt, and (4) where the image data is subject to
an accuracy level, a performance level or a reliability level
that does not meet a threshold performance/reliability level.

In one example, a vision module 22 is able to identify plant
row location with an error as small as 1 centimeter for soy-
beans and 2.4 centimeter for corn.

In one illustrative example, the vision module 22 outputs
vision data in the following format:

Eoft vision

Yvision = | Ehead_vision |»

0

where B, ..., 15 the off track error estimated by the vision
module 22 and E,,..; .0, 15 the heading error estimated by
the vision module 22.

In another illustrative example or alternate embodiment,
the vision module 22 outputs vision data in the following
format:

Eoft vision

Yvision = | Ehead_vision |»

Prision

where B, ..., 15 the off track error estimated by the vision
module 22, E,,.; 0, is the heading error estimated by the
vision module 22, and p,,,,.,, is the radius of curvature esti-
mated by the vision module 22.

The location quality estimator 24 may comprise one or
more of the following devices: a signal strength indicator
associated with the location-determining receiver 28, a bit
error rate indicator associated with the location-determining
receiver 28, another device for measuring signal quality, an
error rate, signal strength, or performance of signals, chan-
nels, or codes transmitted for location-determination. Fur-
ther, for satellite-based location-determination, the location
quality estimator 24 may comprise a device for determining
whether a minimum number of satellite signals (e.g., signals
from four or more satellites on the I.1 band for GPS) of a
sufficient signal quality are received by the location-deter-
mining receiver 28 to provide reliable location data for a
vehicle during an evaluation interval.

The location quality estimator 24 estimates the quality of
the location data or location quality data (e.g., Q,,,,) outputted
by the location module 26. The location quality estimator 24
may estimate the quality of the location data based on the
signal strength indicator (or bit-error rate) of each signal
component received by the location-determining receiver 28.
The location quality estimator 24 may also base the quality
estimate on any of the following factors: (1) the number of
satellite signals that are available in an area, (2) the number of
satellites that are acquired or received by the location-deter-
mining receiver with a sufficient signal quality (e.g., signal
strength profile) and (3) whether each satellite signal has an
acceptable signal level or an acceptable bit-error rate (BER)
or frame-error rate (FER).

In one embodiment, different signal strength ranges are
associated with different corresponding quality levels. For
example, the lowest signal strength range is associated with
the low quality, a medium signal strength range is associated
with a fair quality, and highest signal strength range is asso-
ciated with a highest quality. Conversely, the lowest bit-error
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rate range is associated with the highest quality, the medium
bit error range is associated with the fair quality, and the
highest bit error rate range is associated with the lowest
quality level. In other words, location quality data (e.g., Q,,,,)
may be associated with linguistic input values (e.g., low,
medium and high).

The vision quality estimator 20 estimates the quality of the
vision data or vision quality data (e.g., Q,;..,,) outputted by
the vision module 22. The vision quality estimator 20 may
consider the illumination present during a series of time inter-
vals in which the vision module 22 operates and acquires
corresponding images. The vision quality estimator 20 may
include a photo-detector, a photo-detector with a frequency
selective lens, a group of photo-detectors with corresponding
frequency selective lenses, a charge-coupled device (CCD), a
photometer, cadmium-sulfide cell, or the like. Further, the
vision quality estimator 30 comprises a clock or timer for
time-stamping image collection times and corresponding
illumination measurements (e.g., luminance values for
images). Vision quality may depend upon various factors
disclosed herein; among those factors is illumination. In one
example, if the illumination is within a low intensity range,
the vision quality is low for the time interval; if the illumina-
tion is within a medium intensity range, the vision quality is
high for the time interval; and if the illumination is within a
high intensity range, the vision quality is fair, low or high for
the time interval depending upon defined sub-ranges within
the high intensity range. In other words, vision quality data
(e.g., Q,.si0n) May be associated with linguistic input values
(e.g., low, fair and high). The foregoing intensity range versus
quality may be applied on a light frequency by light frequency
or light color basis, in one example. In another example, the
intensity range versus quality may be applied for infra-red
range frequencies and for ultraviolet range frequencies dif-
ferently than for visible light.

The vision quality estimation may be related to a confi-
dence measure in processing the images. If the desired fea-
tures (e.g., plant rows) are apparent in one or more images, the
vision quality estimator 20 may assign a high image quality or
high confidence level for the corresponding images. Con-
versely, if the desired features are not apparent in one or more
images (e.g., due to missing crop rows), the vision quality
estimator 20 may assign a low image quality or a low confi-
dence level. In one example, the confidence level is deter-
mined based on a sum of the absolute-differences (SAD) of
the mean intensity of each column vector (e.g., velocity vec-
tor for the vision module 22) for the hypothesized yaw/pitch
pair. Yaw may be defined as the orientation of the vision
module 22 in an x-y plane and pitch may be defined as the
orientation of the vision module 22 in the an x-z plane, which
is generally perpendicular to the x-y plane.

If the vision module 22 is unable to locate or reference a
reference feature or reference marker in an image or has not
referenced a reference marker in an image for a threshold
maximum time, the vision module 22 may alert the vision
quality estimator 20, which may degrade the quality of the
vision data by a quality degradation indicator.

In general, the supervisor module 10 comprises a data
processor, a microcontroller, a microprocessor, a digital sig-
nal processor, an embedded processor or any other program-
mable (e.g., field programmable) device programmed with
software instructions. In one embodiment, the supervisor
module 10 comprises a rule manager 12 and a mixer 14. The
rule manager 12 may apply one or more data mixing rules 18,
data decision functions, relationships, or if-then statements to
facilitate the assignment of a vision weight to vision results
derived from the vision data and a location weight to the
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location results derived from the location data for a corre-
sponding time interval. The vision weight determines the
extent that the contribution of the vision data (e.g., V,.si0n)
from the vision module 22 governs. The location weight
determines the extent that the contribution of location data
from the location module 22 governs. The mixer 14 deter-
mines the relative contributions of location data (e.g., ¥,,,)
and vision data (e.g., ¥,,..,) t0 the aggregate error control
signal (e.g., y) based on both the vision weight and the loca-
tion weight. In one embodiment, the mixer 14 may comprise
a digital filter, a digital signal processor, or another data
processor arranged to apply one or more of the following: (1)
the vision data weight, (2) the location data weight, and (3) a
mixing ratio expression of the relative contributions of the
location data and the vision data for an evaluation time inter-
val.

The rule manager 12 may apply a fuzzy logic algorithm or
another algorithm (e.g., a Kalman filtering approach) to
obtain levels of the vision data weight and the location data
weight. Although the data mixing rules 18 may be stored in a
data storage device 16, the data mixing rules 18 may be stored
in or resident in the supervisor module 10. In one example, the
vision data weight and location data weight are expressed as
a mixing ratio. The mixing ratio may be defined as a scalar or
a multi-dimensional matrix. For example, the mixing ratio
may be defined as the following matrix:

Qoff
a = | Qpead |

wcurv

where o is the aggregate mixing ratio matrix, o, is the
mixing ratio for off-track error data, a,_, , is the mixing ratio
for heading error data, and _,, is the mixing ratio for cur-
vature data.

curv

The mixer 14 applies the vision weight and the location
weight provided by the rule manager 12 or the mixing ratio
(e.g., aggregate mixing ratio (o)) to the mixing function. The
output of the mixing function or mixer 14 is an aggregate error
control signal (e.g., y):

Eoi
Y =| Ehead |»
P

B,z 1s the aggregate off-track error from the aggregation of
error data from the vision module 22 and the location module
26, E,,_,;1s the aggregate heading error from the aggregation
of the error data from the vision module 22 and the location
module 26 and p is the radius of curvature. The aggregate
error control signal represents a difference (or an error)
between measured location data (measured by the vision
module 22 and by location module) and the actual location of
the vehicle. Such an aggregate error control signal is inputted
to the vehicle controller 25 to derive a compensated control
signal. The compensated control signal corrects the manage-
ment and control of the steering system 27 based on the
aggregate error control signal. The steering system 27 may
comprise an electrical interface for communications with the
vehicle controller 25. In one embodiment, the electrical inter-
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face comprises a solenoid-controlled hydraulic steering sys-
tem or another electromechanical device for controlling
hydraulic fluid.

In another embodiment, the steering system 27 comprises
a steering system unit (SSU). The SSU may be associated
with a heading versus time requirement to steer or direct the
vehicle along a desired course or in conformance with a
desired path plan. The heading is associated with a heading
error (e.g., expressed as the difference between the actual
heading angle an the desired heading angle).

The SSU may be controlled to compensate for errors in the
estimated position of the vehicle by the vision module 22 or
the location module 26. For example, an off-track error indi-
cates or is representative of the actual position of the vehicle
(e.g., in GPS coordinates) versus the desired position of the
vehicle (e.g., in GPS coordinates). The off-track error may be
used to modify the movement of the vehicle with a compen-
sated heading. However, if there is no off-track error at any
point in time or a time interval, an uncompensated heading
may suffice. The heading error is a difference between actual
vehicle heading and estimated vehicle heading by the vision
module 22 and the location module 26. The curvature is the
change of the heading on the desired path. The curvature data
may be used by the SSU to control the vehicle to follow a
desired curved path.

FIG. 2 is a flow chart of a method for guiding a vehicle with
a vision data and location data. The method of FIG. 2 begins
in step S100.

In step S100, a location module 26 or a location-determin-
ing receiver 28 determines location data for a vehicle associ-
ated therewith. For example, the location-determining
receiver 28 (e.g., a GPS receiver with differential correction)
may be used to determine coordinates ofthe vehicle for one or
more evaluation time intervals or corresponding times. Fur-
ther, in step S100, the location module 26 may determine or
derive a location-error signal (e.g., y,,,) a location-derived
curvature (e.g., Pg,), or both from the location data. The
location-error signal may represent a (1) difference between
the actual vehicular location and a desired vehicular location
for a desired time, (2) a difference between the actual vehicu-
lar heading and a desired vehicular heading for a desired time
or position, (3) or another expression of error associated with
the location data. The location-error signal may be defined,
but need not be defined, as vector data. The location-derived
curvature may represent a difference between the actual cur-
vature and a desired curvature for a given time or another
expression of error associated with the curvature.

In step S102, a vision module 22 associated with the
vehicle determines vision data for one or more of said evalu-
ation time intervals or corresponding times. For example, the
vision module 22 may collect images and process the col-
lected images to determine vision data. In one example, the
vision data comprises vision-derived position data of a
vehicle, which is obtained by reference to one or more visual
reference marker or features with corresponding known loca-
tions to determine coordinates of a vehicle. The coordinates
of a vehicle may be determined in accordance with a global
coordinate system or a local coordinate system. Further, in
step S102, the location module 26 may determine or derive a
vision error signal (€.g., ¥,.s0.) @ Vision-derived curvature
(€.2., P,ision)> OF both from the location data. The vision error
signal represents (1) a difference between the actual vehicular
location and a desired vehicular location for a desired time,
(2) a difference between the actual vehicular heading and a
desired vehicular heading for a desired time or position, (3) or
another expression of error associated with the vision data.
The vision-derived curvature may represent a difference
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between an actual curvature and a desired curvature for a
given time or the expression of error associated with the
curvature.

In step S104, a location quality estimator 24 estimates
location quality data for the location data during an evaluation
time window. Step S104 may be carried out by various tech-
niques which may be applied alternately or cumulatively.
Under a first technique, the location quality estimator 24 may
estimate or measure signal quality, an error rate (e.g., bit error
rate or frame error rate), a signal strength level (e.g., in dBm),
orother quality levels. Under a second technique, the location
quality estimator 24 first estimates or measures signal quality,
an error rate (e.g., bit error rate or frame error rate), a signal
strength level (e.g., in dBm), or other quality levels; second,
the location quality estimator 24 classifies the signal quality
data into ranges, linguistic descriptions, linguistic values, or
otherwise. The second technique is useful where subsequent
processing (or a subsequent method step) involves a fuzzy
logic approach.

In step S106, a vision quality estimator 20 estimates vision
quality data during the evaluation time window. The vision
quality estimator 20 may comprise a luminance or photo-
detector and a time or clock for time-stamping luminance
measurements to determine a quality level based on the ambi-
ent lighting conditions. The vision quality estimator 20 may
also comprise a measure of confidence or reliability in pro-
cessing the images to obtain desired features. The confidence
or reliability in processing the images may depend upon any
of the following factors, among others: technical specifica-
tion (e.g., resolution) of the vision module 22, reliability of
recognizing an object (e.g., landmark in an image), reliability
of estimating a location of the recognized object or a point
thereon, reliability of converting image coordinates or local
coordinates to a global coordinates or vision-derived location
data that is spatially and temporally consistent with the loca-
tion data from the location module 26.

Step S106 may be carried out by various techniques which
may be applied alternately or cumulatively. Under a first
technique, the vision quality estimator 20 may estimate a
confidence or reliability in the accuracy of vision-derived
location data. Under a second technique, the vision quality
estimator 20 first estimates the confidence level, reliability
level or another quality level in the accuracy of the vision-
derived location data; and, second, the vision quality estima-
tor 20 converts the quality level into a corresponding linguis-
tic value. The second technique is useful for application to a
fuzzy logic approach in subsequent processing.

In step S108, a supervisor module 10 determines or selects
one or more of the following contribution factors: (1) a loca-
tion data weight for application to a location-error signal, (2)
avision data weight for application to the vision-error signal,
(3) a location data weight and a vision data weight, (4) a
mixing ratio, (5) an off-track mixing ratio, a heading mixing
ratio, and a curvature mixing ratio, (6) a curvature data
weight, (7) a vision curvature data weight and, (8) a location
curvature data weight. The location-error signal may repre-
sent a derivative of the location data, whereas the vision data
weight may represent a derivative of the vision data. The
mixing ratio defines relative contributions of the vision data
and location data to error control signals, curvature, or both.
It is understood that the mixing ratio may be related to the
vision data weight and the location data weight by one or
more equations.

Step S108 may be carried out in accordance with various
techniques, which may be applied alternately and cumula-
tively. Under a first technique for executing step S108, the
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supervisor module 10 applies one or more data mixing rules
18 to obtain a location data weight and a vision data weight.

Under a second technique for executing step S108, the
supervisor module 10 applies one or more data mixing rules
18 to obtain a defined mixing ratio.

Under a third technique for executing step S108, the super-
visor accesses a data storage device 16 (e.g., a look-up table,
a database, a relational database, a tabular file) with input set
data as location quality data and vision quality data and cor-
responding output set data as location data weight and vision
data weights. Each input set data is associated with a corre-
sponding unique output set data, for example.

Under a fourth technique for executing step S108, the
supervisor accesses a data storage device 16 (e.g., a look-up
table, a database, a relational database, a tabular file) with
input set data as location quality data and vision quality data
and corresponding output set data as mixing ratios.

Under a fifth technique for executing step S108, the super-
visor access a data storage device 16 with input data set as
location quality data and vision quality data and correspond-
ing output set data as location data weight and vision data
weights. Further, each input set data is associated with a
corresponding linguistic input values and each output set data
is associated with a corresponding linguistic output values.
The linguistic input and output values may also be known as
fuzzy descriptors.

In step S110, the supervisor module 10 or the mixer 14
applies any contribution factors determined in step S108 to
define relative contributions of location data and vision data
(or location-error data and vision-error data derived there-
from) to the error control signals, curvature or both for the
guidance of the vehicle. For example, the supervisor module
10 or the mixer 14 applies a location data weight, a vision data
weight, and a mixing ratio to the error control signals. The
location data weight is based on the estimated location data
quality for corresponding location data. The vision data
weight is based on the estimated vision data quality for cor-
responding vision data.

In oneillustrative example, the location data weight and the
vision data weight are derived based on an evaluation time
window; the location data weight and the vision data weight
may be applied during an application time window that lags
the evaluation time window or that is substantially coexten-
sive with the evaluation time interval. Regardless of how the
evaluation time window and the application time window are
defined in this example, in other examples the supervisor
module 10 may provide predictive control data, feed-forward
control data, or feedback control data to the vehicle controller
25.

FIG. 3 is a flow chart of a method for determining the
relative contributions of location data and vision data for
vehicular guidance of a vehicle. The method of FIG. 3 may be
applied to step S108 of FIG. 2 for the selection of an appro-
priate location data weight and a vision data weight and to
step S110 for the application of weights to guide a vehicle.
The method of FIG. 3 begins in step S300.

In step S300, a supervisor module 10 or a rule manager 12
identifies a relationship (e.g., quality-mixing ratio relation-
ship orrule) based on the respective input values (e.g., quality
levels or linguistic values) associated with one or more of the
following: vision quality data, location quality data, and cur-
vature.

Step S300 may be carried out in accordance with various
techniques, that may be applied alternatively and cumula-
tively. Under a first technique, the supervisor module 10
identifies a relationship based on a first quality level of the
location quality data and a second quality level of the vision
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quality data as the input values. A quality level (e.g., the first
quality level or the second quality level) may be a numerical
quantity or a measurement value provided by the location
quality estimator 24, the vision quality module 20, or both.
For example, for the location quality, the measurement may
comprise a signal strength, a bit-error rate (BER) or frame-
error rate (FER) of a Global Positioning System (GPS) signal,
or a component thereof. Each combination of the first quality
level and the second quality level may be associated with a
corresponding relationship or rule that uniquely applies to
that combination.

Under a second technique, the supervisor module 10 iden-
tifies a relationship based on a first quality level of the location
quality data and a second quality level of the vision quality
data as the input values. The combination of the first quality
level and the second quality level may be associated with a
corresponding relationship that uniquely applies to the com-
bination. A database or data storage device may contain an
input set of first quality levels and second quality levels that is
associated with an output set of location data weights and
vision data weights. Alternatively, the database or data stor-
age device may contain an input set of first quality levels and
second quality levels that are associated with mixing ratios
for the error signals, the curvature, or both.

Under a third technique, the supervisor module 10 identi-
fies a relationship based on a first quality level of the location
quality data, a second quality level of the vision quality data,
and a curvature value as the input values. The combination of
the first quality level, the second quality level, and the curva-
ture value may be associated with a corresponding relation-
ship that uniquely applies to the combination. A database or
data storage device 16 may contain an input set of first quality
levels, second quality levels, and curvature values that is
associated with an output set of location data weights and
vision data weights. Alternatively, the database or data stor-
age device 16 may contain an input set of first quality levels,
second quality levels, and curvature values that are associated
with mixing ratios for the error signals, the curvature, or both.

Under a fourth technique, the supervisor module 10 applies
a fuzzy logic approach. For the fuzzy logic approach a two
stage process is adopted. In the first stage, the first quality
level of the location quality data (e.g., Q). the second
quality level of the vision quality data (e.g., Q,;s.n), and the
curvature value (e.g., p) may be converted from numerical
values (e.g., raw measurements) into linguistic values. Lin-
guistic values or linguistic input values represent classifica-
tion of the quality or general quality level of vision quality
data and location quality data. For example, a linguistic input
value may be defined as “good,” “fair,” “poor,” “high,” “aver-
age,” or “low” for the vision quality data (e.g., Q,,s.,,) and
location quality data (e.g., Q). The linguistic values for the
radius of curvature (e.g., P Or P, 50, OF Py,,,) Mmay be “small”,
“low”, “large” or “high.” In the second stage of the fuzzy logic
approach, an input set of linguistic values for vision quality
data, location quality data and curvature is compared to a
reference list or data mixing rules 18 to identify a correspond-
ing relationship (e.g., quality-mixing ratio relationship or
rule) associated with the input set.

In an alternative embodiment, the linguistic value may be
defined in terms of numerical ranks (e.g., arank of 1 to 5, with
5 being the highest), percentile ranks, performance ratings
(e.g., one-star to N stars, where N is any whole number
greater than one) or otherwise for the vision quality data and
the location quality data.

In step S302, a supervisor module 10 determines output
values (e.g., numerical output values) associated with the
location data weight, the vision data weight, or other contri-
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bution factors (e.g., curvature or mixing ratios) for the error
control signals, curvature or both based on the identified
relationship of step S300. If the first technique through the
third technique of step S300 was applied, the output value of
step S302 may comprise a numerical output value including
one or more of the following: a vision data weight (e.g.,
Q,,5:0,) @ location data weight (e.g., o), a mixing ratio for
off-track error data (e.g., o), a mixing ratio for a heading
error data (a,,,,,), and a mixing ratio for curvature data
(Oloyry)- Where the fourth technique or a fuzzy logic approach
is used in step S300, the supervisor module 10 may apply a
defuzzification process or another conversion process in step
S302 (or prior thereto) to convert the linguistic values to their
numerical output values.

In step S304, the supervisor module 10 or mixer 14 applies
any of the following determined output values to the error
control signals, the curvature, or both: a vision data weight
(0510n) @ location data weight (o), the mixing ratio, a
mixing ratio for off-track error data (e.g., o, 4), and a mixing
ratio for a heading error data (o,,,,;), @ mixing ratio for
curvature data (c._,,,), and numerical values for any of the
foregoing items. The supervisor module 10 or mixer 14
applies the vision data weight and the location data weight
(e.g., or numerical values therefor) to determine the relative
contributions of the vision data and the location data to the
error control signals for a time interval (e.g., an application
time interval).

FIG. 4 is a flow chart of a method for determining the
relative contributions of location data and vision data for
vehicular guidance. The method of FIG. 4 may be applied to
step S108 and step S110 of FIG. 2 for the selection and
application of an appropriate location data weight and a
vision data weight. The method of FIG. 4 begins in step S400.

In step S400, a supervisor module 10 or a rule manager 12
identifies a relationship (e.g., quality-mixing ratio relation-
ship orrule) based on the respective input values (e.g., quality
levels or linguistic values) associated with vision quality data,
location quality data, and curvature.

Step S400 may be carried out in accordance with various
techniques that may be applied alternatively and cumula-
tively. Under a first technique, the supervisor module 10
identifies a relationship based on a first quality level of the
location quality data, a second quality level of the vision
quality data, and a curvature value as the input values. A
quality level (e.g., the first quality level or the second quality
level) may be a numerical quantity or a measurement value
provided by the location quality estimator 24, the vision qual-
ity module 20, or both. For example, for the location quality,
the measurement may comprise a signal strength, a bit-error
rate (BER) or frame-error rate (FER) of a Global Positioning
System (GPS) signal, or a component thereof.

The combination of the first quality level, the second qual-
ity level, and the curvature value may be associated with a
corresponding relationship that uniquely applies to the com-
bination. A database or data storage device 16 may contain an
input set of first quality levels, second quality levels, and
curvature values that is associated with an output set of loca-
tion data weights and vision data weights. Alternatively, the
database or data storage device 16 may contain an input set of
first quality levels, second quality levels, and curvature values
that are associated with mixing ratios for the error signals, the
curvature, or both.

Under a second technique, the supervisor module 10
applies a fuzzy logic approach. For the fuzzy logic approach
a two stage process is adopted. In the first stage, the first
quality level of the location quality data (e.g., Q,,,), the
second quality level of the vision quality data (e.g., Q,,5;0.0)>

5

20

25

30

35

40

45

50

55

60

65

12

and the curvature value (e.g., p) may be converted from
numerical values (e.g., raw measurements) into linguistic
values. Linguistic values or linguistic input values represent
classification of the quality or general quality level of vision
quality data and location quality data. For example, a linguis-
tic input value may be defined as “good,” “fair,” “poor,”
“high,” “average,” or “low” for the vision quality data (e.g.,
Q,/si0n) and location quality data (e.g., Q). The linguistic
values for weights (e.g., o, , Or @, ,) Or mixing ratios
associated the radius of curvature (e.g., P OF P4, OF Py,
may be “small”, “low”, “large” or “high.” In the second stage
of the fuzzy logic approach, an input set of linguistic values
for vision quality data, location quality data and curvature is
compared to a reference list or data mixing rules 18 to identify
a corresponding relationship (e.g., quality-mixing ratio rela-
tionship or rule) associated with the input set.

In an alternative embodiment, the linguistic value may be
defined in terms of numerical ranks (e.g., arank of 1 to 5, with
5 being the highest), percentile ranks, performance ratings
(e.g., one-star to N stars, where N is any whole number
greater than one) or otherwise for the vision quality data and
the location quality data.

In step S402, a supervisor module 10 determines output
values (e.g., numerical output values) associated with the
location data weight, the vision data weight, or curvature data
weight for the error control signals and curvature based on the
identified relationship of step S400. If the first technique of
step S400 was applied, the output value of step S402 may
comprise a numerical output value including one or more of
the following: a vision data weight (e.g., o, ,.,,) a location
data weight (e.g., 0,.,.), a mixing ratio for off-track error data
(e.g., @), a mixing ratio for a heading error data (0,,.),
mixing ratio for curvature data (o), location curvature
dataweighto,,, ,,and vision curvature data weight ., ;... o-
Where the second technique or a fuzzy logic approach is used
in step S400, the supervisor module 10 may apply a defuzzi-
fication process or another conversion process in step S402
(or prior thereto) to convert the linguistic values to their
numerical output values.

In step S404, the supervisor module 10 or mixer 14 applies
any of the following determined output values to the error
control signals and the curvature: a vision data weight
(O;5i0n)> @ location data weight (o), the mixing ratio, a
mixing ratio for off-track error data (e.g., o), and a mixing
ratio for a heading error data (o,,,,;), @ mixing ratio for
curvature data (a,,), location curvature data weight
(Cgps, p)s and vision curvature data weight (a,,,,,,,. ), and
numerical values for any of the foregoing items. The super-
visor module 10 or mixer 14 applies the vision data weight
and the location data weight (e.g., or numerical values there-
for) to determine the relative contributions of the vision data
and the location data to the error control signals for a time
interval (e.g., an application time interval).

FIG. 5 is a flow chart of a method for determining a control
signal (e.g., an aggregate error control signal) for a vehicle.
The method of FIG. 5 may be applied to step S108 and S110
of FIG. 2 for the selection of an appropriate location data
weight and a vision data weight. FIG. 5 is similar to FIG. 3,
except FIG. 5 replaces step S304 with step S500. Like steps or
procedures in FIG. 3 and FIG. 5 are indicated by like refer-
ence numbers.

In step S500, a supervisor module 10 or a guidance module
for a vehicle generates an error control signal for steering the
vehicle. For example, the supervisor module 10 for a vehicle
generates an error control signal for steering a vehicle in
accordance with the following equation: Y=C.,,.;0n XY isiont

Ol XYgps» Where y is the aggregate error control signal,
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A q0n 18 the vision data weight, vy,,.,.,, is the error control
signal from the vision data, o, is the location data weight
and y,,,, is the error control signal from location data (e.g.,
GPS data). The error control signal from the vision data may
be referred to as the vision error signal. The error control
signal from the location data may be referred to as the location
error signal. It is understood that y, &,,g0.s ¥yisions Ogps a0
Y gps May be expressed as matrices. For example, y (the aggre-
gate error control signal), &, ;0,.s Ogpss ¥ yisi0n (the vision error
signal) and y,, (the location error signal) may be defined as
follows:

|: EOﬁ :|
y= >
Ehead

B, is the aggregate off-track error from the aggregation of
off-track error data (e.g., B,z ,,, and E,» ,,,) from the
location module 26 and the vision module 22 and, E, _ ;is the
aggregate heading error from the aggregation of the error data
(€8 By gps @04 LB,y .., from the location module 26
and the vision module 22.

@off_vision
Qyision =
@head_vision

where @, ., 18 the vision data weight, o, ., 15 the vision
data weight for off track error data, and o,,,; g0, 15 the
vision data weight for heading error data.

Eoft vision
Yvision = >
Ehead_vision

where B ..., 1s the off track error estimated by the vision
module 22 and E,,_,; /s, 18 the heading error estimated by
the vision module 22.

Qoff_vision }

a =
gps »
[ Qhead_vision

where o, is the location data weight, @, . is the location
data weight for off track error data, and oy,.,; 4, is the
location data weight for heading error data.

Eoft_gps }

Yeps = >
Ehead_gps

where B, . is the off-track error estimated by the location
module 26 (e.g., location-determining receiver 28), and
By ead_gps 18 the heading error estimated by the location mod-
ule 26.

FIG. 6 is a flow chart of a method for determining a control
signal for a vehicle. The method of FIG. 6 may be applied to
step S108 and S110 of FIG. 2 for the selection and application
of an appropriate location data weight and a vision data
weight FIG. 6 is similar to FIG. 4, except FIG. 6 replaces step
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S404 with step S502. Like steps in FIG. 3 and FIG. 5 are
indicated by like reference numbers.

In step S502, a supervisor module 10 or a guidance module
for a vehicle generates an error control signal and a curvature
signal for steering the vehicle. For example, the supervisor
module 10 for a vehicle generates an error control signal for
steering a vehicle in accordance with the following equation:

Y= ision XY visiontOgps XY gps» Where y is the aggregate error
control signal, o, 1s the vision data weight, v,,.,.,, is the
error control signal from the vision data, o, is the location
data weight and y,,,, is the error control signal from location
data (e.g., GPS data).

Further, the supervisor module 10 generates a curvature
signal for steering the vehicle in accordance with the follow-
ing equation.

P=CyisionpXPrisiontOgps,pXPgpss Where p is the curvature
signal, @, ., , 1s the vision data weight for the curvature or
vision curvature data weight, p, ., is the vision-derived cur-
vature from the vision data, o, , is the location data weight
for curvature or location curvature data weight, and p,,, is the
error control signal from location data (e.g., GPS data). Fur-
ther, &, 0, 0+ 0ps o= 1-

The error control signal from the vision data may be
referred to as the vision error signal. The error control signal
from the location data may be referred to as the location error
signal. It is understood that y, O, 50m Yeisions Ogpss Yepss
Oyysion,ps Puisions Ogps,pr A0 P, ,c may be expressed as matri-
ces. For example, y (the aggregate error control signal),
@570, (Vision data weight), o, (location data weight), y ,,.,,,
(the vision error signal) and y,,,, (the location error signal)
may be defined as follows:

Eoﬁ‘
Y= Ehead |>
P

B,z is the aggregate off-track error from the aggregation of
ofi-track errordata(e.g..E,» ,andE_, ,)fromlocation mod-
ule 26 and the vision module 22, E,,_,, is the aggregate head-
ing error from the aggregation of the heading error data (e.g.,
Bjeaa gand B, , ) from the location module 26, the vision
module 22 and p is the aggregated radius of curvature.

Qoff vision
Qyision = | ®head_vision |,

Qeurv_vision

where o, , is the aggregate vision data weight matrix,
Olos vision 18 the vision data weight for off-track error data,
Qpond_vision 18 the vision data weight for heading error data,
and ¢, 0, 18 Vision data weight for curvature error data.

Typically, o, 0.

curv_vision

Eoff_vision

Yvision = | Ehead_vision |»

Prision

where B ;. is the off track error estimated by the vision
module 22 and E,,..; .0, 15 the heading error estimated by
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the vision module 22, and p,,,;.,, is the radius of curvature
associated with the vision module 22. If the vision module
does not provide a radius of curvature, then p,,,,, can be set
equal to zero.

Qoff_gps
Qgps = | Xhead_gps |,

Ceurv_gps

where o, is the aggregate location data weight matrix,
is the location data weight for off-track error data,

is the location data weight for heading error data,
and @.,,,, ., 1s the location data weight for curvature error

data. Typically, o 0.

Coogp gps
o
head_gps

curv‘gps:

Eoft_gps
Veps = | Ehead_gps |,

Peps

where B, . is the off-track error estimated by the location
module 26 (e.g., location-determining receiver 28), By..; s
is the heading error estimated by the location module 26, and
Pgps 18 the radius of curvature associated with the location
module 26.

FIG. 7 is aflow chart of the fuzzy logic aspect of the method
and system of guiding a vehicle with vision-aided guidance.
The flow chart of FIG. 7 begins in step S200.

In step S200, the vision quality estimator 20, the location
quality estimator 24, or both convert crisp input data into
input linguistic data. The crisp input data may be received
from at least one of the following: vision module 22 and the
location module 26. The vision quality estimator 20 and the
location quality estimator 24 may each contain a converter or
classifier for converting or classifying ranges of numerical
data into linguistic data. The input linguistic data may com-
prise location quality data (e.g., Q,,,), vision quality data
(e.2.,Q,s5i0n)- In one example, location quality data (Q,,,,) has
the following states or linguistic input data: good, fair, and
poor; vision quality (Q,,,;.,) has the following states or lin-
guistic input data: good, fair and poor; and curvature (p,,,,) is
small or large, although each of the foregoing quality indica-
tors may have another input set of input linguistic data that
defines one or more levels, ranges, or regions of performance
or quality. Step S200 may be referred to as a fuzzification
process.

In step S202, a data processor or supervisor module 10
makes an inference to obtain output linguistic data from the
input linguistic data of step S200. For example, data mixing
rules 18 in the data storage device 16 may contain input
linguistic data associated with corresponding output linguis-
tic data. The quality mixing-ratio relationship between the
input linguistic values and the output linguistic values is
based on a model that models the performance of the vision
module 22 and the location-determining receiver 28. In one
example, the output linguistic data may comprise the states
associated with o, ; @y, and a,,,,,.. The states of @, 0,
and a,,,,. may be “small,” “medium,” or “large,” for example.
In another example, the output linguistic data may comprise

the states of any of the following: o, o, .

aheadivisions acurvﬁvi:ions aoﬁ;gpss aheangPSS

The states of o, ,, @

vision, p? aoﬁ;visions
and aCMVVHgPS'

vision, pP° aoﬁ;visions aheadﬁvi:ions
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and ¢,

« »
curv_gps MAY be “small,

acurvivisioni aof‘gpsi ahead‘gpsi
“medium,” or “large,” for example.

In step S204, a converter converts the output linguistic data
to output crisp data. For example, the output crisp data may be
sent to a vehicular controller 25, a steering system (e.g., a
steering controller or steering system unit (SSU)). Step S204
may be referred to as the defuzzification process. The crisp
datamay be expressed as an aggregate error control signal (y),
or a derivative thereof, such as a compensated control signal.

FIG. 8A is a chart which may be applied to step S202,
which may be referred to as the fuzzy inference. Further, FI1G.
8A may be applied to S300 and S302 of FIG. 5 or to S400 or
S402 of FIG. 6. The chart of FIG. 8 A contains a series of rules
or relationships.

FIG. 8A pertains to a path plan where the path plan is
generally linear or includes generally straight rows. For
example, the relationships of FIG. 8A may hold where p,,,, is
small, or within a range that indicates a planned path or actual
path (or a segment thereof) is generally linear or straight.
Vision quality (Q,;..,,) appears in the uppermost row,
whereas location quality (Q,,,) (e.g., GPS quality) appears in
the leftmost column. Vision quality (Q,,,,.,,) 15 associated
with the input variables, input set or input linguistic data
which appears in the row immediately underneath the upper-
most row. As illustrated in FIG. 8A, the input linguistic data
for vision quality comprises “good”, “fair”, and “poor”,
although other input variables or input linguistic data fall
within the scope of the invention. Location quality (Q,,,) is
associated with the input variables, input set or input linguis-
tic data which appears in the column to the right of the
leftmost row. As illustrated in FIG. 8A, the input linguistic
data for location quality comprises “good”, “fair”, and
“poor”, although other input variables or input linguistic data
fall within the scope of the invention.

In FIG. 8A, a matrix (e.g., three by three matrix) defines
various combinations or permutations (e.g., 9 possible per-
mutations are present here) of output variables, output sets, or
output linguistic data. Each combination of output variables
corresponds to a respective pair of vision quality data and
location quality data. The relationship or combination of
input variables and corresponding output variables may be
defined in alook-up table of FIG. 8 A, a set of rules, a database
or a data file. Where the relationships of the table of FIG. 8A
are expressed as rules, each rule may be expressed as an
if-then statement.

Each relationship of FIG. 8A includes the following: (1) an
input linguistic data (e.g., good, poor, fair, large, medium,
small) associated with input quality variables for vision qual-
ity (e.g., Q,,5;0,)> location quality (e.g., Q). and curvature
estimate quality (e.g., P ), (2) an output linguistic data (e.g.,
small, medium, and large) associated with output variables
for weight factors mixing ratios (e.g., G,z Oy,..0 and a.,,,.)
and (3) a correlation, correlation value, an if-then relation-
ship, or another logic relationship defined between the input
quality variables and the output variables or between the
corresponding input linguistic data and output linguistic data.

For each input set of input linguistic data in the chart of
FIG. 8A, there is a corresponding output set of output linguis-
tic data. The output linguistic data may be associated with
data weight factors or mixing ratios. In one example, the data
weight factors or mixing ratios include a5 .. and .-
The values of the input set determine the corresponding val-
ues of the output set. For example, if the vision quality (e.g.,
Q.ision) 18 “good” and the location quality (e.g., Q) is
“poor,” ., is equal to 1 o, is “large” and a.,,,,,, is “large.”

The relationship between the input set and the output set
may be determined empirically, by field tests, experimentally,
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or in accordance with a model or a mathematically derived
solution. The relationships between the input linguistic data
and output linguistic data presented in FIG. 8A are merely
illustrative, along with the selections of descriptions for the
input linguistic data and output linguistic data; other relation-
ships, selections and descriptions fall within the scope of the
invention.

FIG. 8B is a chart which may be applied to step S202,
which may be referred to as the fuzzy inference. Further, FI1G.
8B may be applied to S300 and S302 of FIG. 5 or to S400 or
S402 of FIG. 6. The chart of FIG. 8B contains a series of rules
or relationships.

FIG. 8B pertains to a path plan where the path plan is
generally curved or for curved portions of paths. For example,
the relationships of FIG. 8B may hold where p, is large, or
within a range that indicates a planned path or actual path (or
a segment thereof) is generally curved or not generally linear.
Vision quality (Q,;..,,) appears in the uppermost row,
whereas location quality (Q,,,,) (e.g., GPS quality) appears in
the leftmost column. Vision quality (Q,;,;,,,) 1S associated
with the input variables, input set or input linguistic data
which appears in the row immediately underneath the upper-
most row. As illustrated in FIG. 8B, the input linguistic data
for vision quality comprises “good”, “fair”, and “poor”,
although other input variables or input linguistic data fall
within the scope of the invention. Location quality (Q,,,) is
associated with the input variables, input set or input linguis-
tic data which appears in the column to the right of the
leftmost row. As illustrated in FIG. 8B, the input linguistic
data for location quality comprises “good”, “fair”, and
“poor”, although other input variables or input linguistic data
fall within the scope of the invention.

In FIG. 8B, a matrix (e.g., three-by-three matrix) defines
various combinations or permutations (e.g., 9 possible per-
mutations are present here) of output variables, output sets, or
output linguistic data. Each combination of output variables
corresponds to a respective pair of vision quality data and
location quality data. The relationship or combination of
input variables and corresponding output variables may be
defined in a look-up table of FIG. 8B, a set of rules, a database
or a data file. Where the relationships of the table of FIG. 8B
are expressed as rules, each rule may be expressed as an
if-then statement.

Each relationship of FIG. 8B includes the following: (1) an
input linguistic data (e.g., good, poor, fair, large, medium,
small) associated with input quality variables for vision qual-
ity (e.2., Q,,,,,,) location quality (e.g., Q,,,), and curvature
estimate quality (e.g., P ), (2) an output linguistic data (e.g.,
small, medium, and large) associated with output variables
for weight factors mixing ratios (e.g., 0,5 Q0 and c.,,,.),
and (3) a correlation, correlation value, an if-then relation-
ship, or another logic relationship defined between the input
quality variables and the output variables or between the
corresponding input linguistic data and output linguistic data.

For each input set of input linguistic data in the chart of
FIG. 8B, there is a corresponding output set of output linguis-
tic data. The output linguistic data may be associated with
data weight factors or mixing ratios. In one example, the data
weight factors or mixing ratios include o, 0., and O,
The values of the input set determine the corresponding val-
ues of the output set. For example, if the vision quality (e.g.,
Q,ision) 18 “good” and the location quality (e.g., Q) is
“poor,” ., zis “large’, a,,,1s “medium” and ., is equal to
Zero.

The relationship between the input set and the output set
may be determined empirically, by field tests, experimentally,
or in accordance with a model or a mathematically derived
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solution. The relationships between the input linguistic data
and output linguistic data presented in FIG. 8B are merely
illustrative, along with the selections of descriptions for the
input linguistic data and output linguistic data; other relation-
ships, selections and descriptions fall within the scope of the
invention.

In accordance with the output linguistic data of FIG. 8A,
FIG. 8B, or both; the supervisor module 10 for a vehicle
generates an error control signal for steering a vehicle in
accordance with the following equation: y=axy, .., +(1-0)x
Yeps» Where y is the aggregate error control signal, a. is the
MIXing ratio, ¥, is the vision error signal and y,, is the
location data error signal. It is understood thaty, &, v ,,,.,, and
Yeps May be expressed as matrices. This equation may be
derived from the previous equation (Y=0.,,5,,, XY ision*ClgpsX
Yeps) Set forth herein by substituting o, ;= and ., =1-c.
For example, y (the aggregate error control signal), a (the
aggregate mixing ratio), v,,.., (the vision error signal) and

Ygps (the location error signal) may be defined as follows:
Eo
Y= Eneaa |»
P

E,z1s the aggregate off-track error from the aggregation of
off-track error data (e.g., B, ., ;and B, ;) from location
module 26 and the vision module 22, E,,_,, is the aggregate
heading error from the aggregation of the heading error data
(€8 Bpona_gpsa0d By 1i0,) fromthe location module 26,
the vision module 22 and p is the curvature error data.

o

a = | Upead

5

wcurv

where a is the aggregate mixing ratio or mixing ratio matrix,
0, 18 the mixing ratio for off-track error data, a,,,, is the
mixing ratio for heading error data, and a..,,,,, is the mixing
ratio for curvature error data.

cury

Eotf_gps
Yeps = Ehead,gps 5

Pgps

where B, . is the off-track error estimated by the location
module 26 (e.g., location-determining receiver 28), , ., ...
is the heading error estimated by the location module 26, and
Pgps 1s the curvature estimate error associated with the loca-
tion module 26.

Eoft_vision
Yvision = | Ehead_vision |>
0
where B .., is the off track error estimated by the vision

module 22 and E,,,,; ;s 18 the heading error estimated by
the vision module 22. In an alternate example,
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Eoft vision
Yvision = | Ehead_vision |»

Prision

where B ,;;.,, is the off track error estimated by the vision
module 22, E,,..; ,.si0n 15 the heading error estimated by the
vision module 22, and p,,,;.,, is the curvature estimate asso-
ciated with the vision module 22.

FIG. 9 shows a fuzzy membership function for input vari-
ables. The horizontal axis shows the value of the input vari-
able, whereas the vertical axis shows the value of the fuzzy
membership. The input variable may comprise location qual-
ity data (e.g., Q,,,,) or vision quality data (Q, ). The input
linguistic data appears to be “poor, fair and good” for the
input variables. The input variables are normalized from 0 to
1. The “fair” range of the linguistic input value ranges from
A, to A, for the input variable, with the range being less fair
for the boundaries near or approaching A, to A, for the input
variable. If the input variable is less than A, it is definitely
poor. If the input variable is greater than A, it is definitely
good. Between A, and A,, the input variable has various
levels of truth, which may be linguistically defined as poor
and fair.

FIG. 10 shows an illustrative fuzzy membership function
for the curvature estimate provided by the radius of curvature
calculator 30. The input linguistic data is “small and large” for
the curvature estimate (e.g., p,,,) in FIG. 10. The horizontal
axes shows the value of the input variable, whereas the ver-
tical axis shows the value of the fuzzy membership. The input
variable may be curvature estimate (e.g., p,). The input vari-
able values are normalized from O to 1.

FIG. 11 shows a fuzzy membership function for output
variables. The output variables may be mixing ratios or qual-
ity weights to determine the proportion of reliance on the
location data versus the vision data. In one example, the
output variables comprise o, 0,04 OF Oy, The crisp mix-
ing ratio (e.g., C1, C2, C3, C4 or other levels intermediate or
proximate thereto) may be determined from the known output
linguistic values of mixing ratios ., .4, and a.,,,. Bach
output linguistic value has a corresponding crisp mixing ratio
defined by a C value or range of C values on the horizontal
axis. Although the fuzzy membership functions illustrated in
FIG. 9 and FIG. 11 are composed of linear elements to facili-
tate ready comparison of membership values, in an alternate
embodiment the fuzzy membership functions may be varied
in conformance with curves or polynomial equations, such as
the curved portions of the fuzzy membership function of FIG.
10.

FIG. 12 is a chart that illustrates static positioning error of
location data, such as a differential GPS signal. The vertical
axis shows error in distance (e.g., meters), whereas the hori-
zontal axis shows time (e.g., in “hours: minutes: seconds™).

FIG. 13 is a chart that illustrates dynamic positioning error
of'location data, such as a differential GPS signal (e.g., loca-
tion data) after “tuning” at a desired update frequency or rate.
The vertical axis shows error in distance (e.g., meters),
whereas the horizontal axis shows time (e.g., in “hours: min-
utes: seconds™). FIG. 12 shows the original error without
“tuning” as solid circular points and error after “tuning” as
hollow circular points. The tuning achieved by using the
vision data to adjust the location data at regular intervals (e.g.,
at 5 second intervals or 0.2 Hz as illustrated in FIG. 13).
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FIG. 14 is a flow chart for a method for determining a mode
of operation of a vehicular guidance system. The method
facilitates determining whether a vehicle should be guided by
location data only (e.g., GPS data only), vision data only, or
neither vision data nor location data. The method of FIG. 14
begins in step S400.

In step S400, a location quality estimator 24 estimates
location quality data for location data outputted by the loca-
tion module 26 for a given time interval.

In step S402, the supervisor module 10 determines if the
location quality level of the location quality data is greater
than a threshold quality (e.g., 80% reliability or confidence
level). Ifthe location quality level is greater than the threshold
quality, the method continues with step S401. However, if the
location quality level is not greater than the threshold quality
level, the method continues with step S404.

In step S401 and in step S404, the vision quality estimator
20 estimates the vision quality data for vision data outputted
by the vision module 22 for a defined time interval. The
defined interval may be generally coextensive with the given
time interval used by the location quality estimator 24.

In step S408, the supervisor module 10 determines if the
vision quality level of the vision quality data is greater than a
threshold quality (e.g., 80%)? If the vision quality level is
greater than the threshold quality, the method continues with
step S410. However, if the vision quality level is not greater
than the threshold quality level, the method continues with
step S412.

In step S410, the supervisor module 10 determines if the
vision offset is less than a maximum allowable displacement
(e.g., 10 inches). The maximum allowable displacement may
be set by a user data input, empirical studies, tests, or practical
benchmarks based on environmental factors (e.g., crop selec-
tion, planting date, and date of guidance of vehicle). If the
vision offset is greater than the maximum allowable displace-
ment, the method continues with step S414. However, if the
vision offset is less than or equal to a maximum allowable
offset, the method continues with step S412.

In step S414, the supervisor module 10 determines if the
GPS correction is less than a maximum allowable correction.
The maximum allowable correction is a displacement that is
based on a maximum difference (e.g., 30 seconds) between
the detected vehicle position and heading (e.g., or detected
coordinates) and a desired vehicle position and heading (e.g.,
or desired coordinates). If the GPS correction is less than a
maximum allowable correction, then in step S418 the super-
visor module 10 or the vehicular controller 25 applies loca-
tion data (e.g., GPS data) only for guidance of the vehicle
during a trailing time interval associated with the given time
interval or the defined time interval. However, if the GPS
correction is not less than a maximum allowable correction,
then in step S420 the supervisor module 10 or the vehicular
controller 25 applies only vision data for guidance of the
vehicle for a trailing time interval associated with the given
time interval or the defined time interval.

Step S412 may follow step S408 or step S410, as previ-
ously described herein. In step S412, the supervisor module
10 determines if the GPS correction is less than a maximum
allowable correction. The maximum allowable correctionis a
displacement that is based on a maximum difference (e.g., 30
seconds) between the detected vehicle position and heading
(e.g., or detected coordinates) and a desired vehicle position
and heading (e.g., or desired coordinates). If the GPS correc-
tion is less than a maximum allowable correction, then in step
S422 the supervisor module 10 or the vehicular controller 25
applies location data (e.g., GPS data) only for guidance of the
vehicle during a trailing time interval associated with the
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given time interval or the defined time interval. However, if
the GPS correction is equal to or not less than a maximum
allowable correction, then in step S424 the supervisor module
10 or the vehicular controller 25 applies no guidance data
from the vision module 22 or the location module 26. For
example, the vehicle may revert to a manned mode, an alter-
nate guidance system may be activated or used, or the vehicle
may be stopped until a following time interval in which the
vision module 22, the location module 26, or both provide
more reliable output for guidance of the vehicle.

If step S404 is executed, the method may continue with
step S406 after step S404. In step S406, the supervisor mod-
ule 10 determines if the vision quality level of the vision
quality data is greater than a threshold quality (e.g., 80%). If
the vision quality level is greater than the threshold quality,
the method continues with step S416. However, if the vision
quality level is not greater than the threshold quality level, the
method continues with step S424 in which guidance is not
applied as previously described.

In step S416, the supervisor module 10 determines if the
vision offset is less than a maximum allowable displacement
(e.g., 10 inches). The maximum allowable displacement may
be set by a user data input, empirical studies, tests, or practical
benchmarks based on environmental factors (e.g., crop selec-
tion, planting date, and date of guidance of vehicle). If the
vision offset is greater than the maximum allowable displace-
ment, the method continues with step S424 in which guidance
is not applied. However, if the vision offset is less than or
equal to a maximum allowable offset, the method continues
with step S426.

In step S426, the supervisor module 10 or the vehicular
controller 25 applies vision data or vision guidance data only
to guide the path of the vehicle.

Having described the preferred embodiment, it will
become apparent that various modifications can be made
without departing from the scope of the invention as defined
in the accompanying claims.

The invention claimed is:
1. A method for guiding a vehicle, the method comprising:
collecting location data for the vehicle based on a location-
determining receiver of a location module associated
with the vehicle;
collecting vision data for the vehicle based on a vision
module associated with the vehicle;
estimating a quality of the collected location data during an
evaluation time window to form location quality data;
estimating a quality of the collected vision data during the
evaluation time window to form vision quality data;
selecting at least one of a location data weight and a vision
data weight to form a selection, wherein the location
data weight is based on the location quality data and the
vision data weight is based on the vision quality data;
and
guiding the vehicle in accordance with the selection,
wherein the selecting further comprises:
identifying a quality-mixing ratio based on respective
input values associated with the vision quality data
and the location quality data;
determining output values associated with the location
data weight and the vision data weight based on the
identified quality-mixing ratio; and
applying the vision data weight and the location data
weight to determine relative contributions of the col-
lected vision data and the collected location data to a
vehicular guidance system for guiding the vehicle for
a time interval.
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2. The method according to claim 1 wherein estimating a
quality of the collected location data comprises detecting an
off track error, a heading error, and a curvature associated
with the location-determining receiver.

3. The method according to claim 1 wherein estimating a
quality of the collected vision data comprises detecting an off
track error, a heading error, and a curvature associated with
the vision module.

4. The method according to claim 1 wherein the vision data
weight and the location data weight are consistent with the
following equation: @, ; ,,+0t,=1.

5. The method according to claim 1 wherein:

identifying the quality-mixing ratio based on respective
input values associated with the vision quality data and
the location quality data, comprises identifying the qual-
ity-mixing ratio based on respective input values asso-
ciated with the vision quality data, the location quality
data, and curvature data; wherein

determining output values associated with the location data
weight and the vision data weight based on the identified
quality-mixing ratio, comprises determining output val-
ues associated with the location data weight, the vision
data weight, and a curvature data weight based on the
identified quality-mixing ratio; and wherein

applying the vision data weight and the location data
weight to determine relative contributions of the col-
lected vision data and the collected location data to a
vehicular guidance system for guiding the vehicle for a
time interval, comprises applying the vision data weight,
the location data weight, and the curvature data weight
to determine relative contributions of the collected
vision data and the collected location data to the vehicu-
lar guidance system for guiding the vehicle for the time
interval.

6. The method according to claim 1 wherein the applying
the vision data weight and the location data weight to deter-
mine relative contributions of the collected vision data and
the collected location data to a vehicular guidance system for
guiding the vehicle for a time interval, comprises:

generating an error control signal for steering the vehicle in
accordance with the following equations: y=a,;,,x
Yvision+OgpsXYgpss Where y is the error control signal,
%y iion 18 the vision data .Welght, Yvision 18 @ Vision error
signal, a.,,, is the location data weight, and y,, is a
location error signal.
7. The method according to.cl.alm 6. wherein the ¥s Yuisions
Yapsr Ogpss a0d @, ., are multidimensional vectors in accor-
dance with the following expressions:

[ EOIT }
y= >
Enead

B,z is an aggregate off-track error from an aggregation of
error data from the vision module and the location module,
E,..c 18 an aggregate heading error from the aggregation of
the error data from the vision module and the location mod-
ule;

Qoff vision
Qyision =
@head_vision
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where a.,,,,,, s a vision data weight matrix, o,z ;. 15 the
vision data weight for off track error data, and o, ,; ,ssr05 18
the vision data weight for heading error data;

Foff_gps }

a =
&ps »
[ @head_gps

where o, is a location data weight matrix, a.,; ., is the
location data weight for off track error data, and 0,4 g, 1
the location data weight for heading error data;

Eotf_gps }
,

Yeps =
Ehead_gps

where B, s an off-track error estimated by the location
module, and By, ., is a heading error estimated by the
location module; and

Eoff_vision
Yvision = >
Ehead_vision

where B, ., 18 an off track error estimated by the vision
module and E,,,; ;0. 1S @ heading error estimated by the
vision module.

8. The method according to claim 5 wherein the applying
the vision data weight, the location data weight and the cur-
vature data weight to determine relative contributions of the
collected vision data and the collected location data to the
vehicular guidance system for guiding the vehicle for the time
interval, comprises:

generating an error control signal for steering the vehicle in

accordance with the following equation: y=a, .., %
Yviston™Ogps XY gps» Where y is the error control signal,
A q0n 18 the vision data weight, y ;. 18 @ Vision error

signal, c,,, is the location data weight, and y,, is a
location error signal.

9. The method according to claim 8 wherein the y, V,,.;0n»
Yepss Crisions a0 0, are multidimensional vectors in accor-
dance with the following expressions:

Eoi
Y = Ehead |»
P

B,z is the aggregate off-track error from the aggregation of
error data from the vision module and the location module,
E, .. 1 the aggregate heading error from an aggregation of
the error data from the vision module and the location module
and p is radius of curvature;

@off_vision
Qyision = | @head_vision |,

Qeurv_vision

where o
Q.

vision 18 the aggregate vision data weight matrix,
is the vision data weight for off-track error data,

off_vision
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Qroad_vision 15 the vision data weight for heading error data,
and o, is vision data weight for curvature error data;

curv__vision

Eoff_vision

Yvision = | Ehead_vision |»

0

where B ;. is the off track error estimated by the vision
module and E,,; .0, 15 the heading error estimated by the
vision module;

Qoff_gps
Agps = | @head_gps |

eurv_gps
where o, is the aggregate location data weight matrix,
O,y ops 18 the location data weight for off-track error data,
Oyona_gps 15 the location data weight for heading error data,
and @..,,,, ., 1s the location data weight for curvature error
data;

Eotf_gps
Yeps = Ehead_gps |,

Pgps

where B, . is the off-track error estimated by the location
module, B, ., s the heading error estimated by the loca-
tion module, and p,, is radius of curvature associated with
the location module.
10. A system for guiding a vehicle, the system comprising:
a location-determining receiver of location module associ-
ated with the vehicle for collecting location data for the
vehicle;
a vision module associated with the vehicle for collecting
vision data for the vehicle;
a location quality estimator for estimating a quality of the
collected location data during an evaluation time win-
dow to form location quality data;
a vision quality estimator for estimating a quality of the
collected vision data during the evaluation time window
to form vision quality data; and
a selector for selecting at least one of a location data weight
and a vision data weight to form a selection, wherein the
location data weight is based on the location quality data
and the vision data weight is based on the vision quality
data; and
a vehicular guidance system for guiding the vehicle in
accordance with the selection, wherein the selector
selects the at least one of the location data weight and the
vision data weight to form the selection by:
identifying a quality-mixing ratio based on respective
input values associated with the vision quality data
and the location quality data;

determining output values associated with the location
data weight, and the vision data weight based on the
identified quality-mixing ratio; and

applying the vision data weight and the location data
weight to determine relative contributions of the col-
lected vision data and the collected location data to
the vehicular guidance system for a time interval.
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11. The system according to claim 10 wherein the location
quality estimator estimates the quality of the collected loca-
tion data using an off-track error, a heading error, and a
curvature associated with the location-determining receiver.

12. The system according to claim 10 wherein the vision
quality estimator estimates the quality of the collected vision
data using an off-track error, a heading error, and a curvature
associated with the vision module.

13. The system according to claim 10 wherein the vision
data weight and the location data weight are consistent with
the following equation: @, +C.g,=1.

14. The system according to claim 10 wherein the selector
selects at least one of the location data weight and the vision
data weight to form the selection by:

identifying the quality-mixing ratio based on respective

input values associated with the vision quality data, the
location quality data, and curvature data;
determining the output values associated with the location
data weight, the vision data weight, and curvature data
weight based on the identified quality-mixing ratio; and

applying the vision data weight, the location data weight,
and the curvature data weight to determine relative con-
tributions of the collected vision data and the collected
location data to the vehicular guidance system for the
time interval.

15. The system according to claim 10 wherein the applying
the vision data weight and the location data weight to deter-
mine relative contributions of the collected vision data and
the collected location data to the vehicular guidance system
for the time interval, comprises:

generating an error control signal for steering the vehicle in

accordance with the following equation: y=a, .., %
Yviston™Ogps XY gps: Where y is the error control signal,
A q0n 18 Vision data weight, y,,,.,, 1S a vision error sig-
nal, o, is the location data weight, and y,,,; is a location
error signal.

16. The system according to claim 15 whereinthe ¥, V.,
Yapsr Ogpss and o, are multidimensional vectors in accor-
dance with the following expressions:

|: EOﬁ :|
y= >
Ehead

E,z1s the aggregate off-track error from the aggregation of
error data from the vision module and the location module,
E, ... 18 the aggregate heading error from the aggregation of
the error data from the vision module and the location mod-
ule;

Qoff_vision
Fvision =
Qhead_vision
where ;. 1s the vision data weight matrix, &, .., is the

vision data weight for off track error data, and o, ,; ,ssr05 18
the vision data weight for heading error data;

Foff gps
@ =
gps »
Qhead gps
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where o, is the location data weight matrix, o, ., is the
location data weight for off track error data, and ¢,z g, 18
the location data weight for heading error data;

Eotf_gps }
,

Yeps =
Ehead gps

where B, . is the off-track error estimated by the location
module and B, ., is the heading error estimated by the
location module; and

Eoft vision }
,

Yvision = -
Ehead_vision

where B ., is the off track error estimated by the vision
module and E,,_.; .0, 15 @ heading error estimated by the
vision module.

17. The system according to claim 14 wherein the applying
the vision data weight, the location data weight, and the
curvature data weight to determine relative contributions of
the collected vision data and the collected location data to the
vehicular guidance system for the time interval, comprises:

generating an error control signal for steering the vehicle in

accordance with the following equation: y=c,;;,,x
Vyision™Ogps XY gps» Where y is the error control signal,
;50 15 the vision data weight, y,,;.,, 18 @ vision error
signal, o, is the location data weight, and y_, is a
location error signal.

18. The system according to claim 17 wherein the ¥,V . on»
Yepss Frisions 30d @, are multidimensional vectors in accor-
dance with the following expressions:

Eoi
Y =| Ehead |»
P

B,z 1s the aggregate off-track error from the aggregation of
error data from the vision module and the location module,
E,.. 1 the aggregate heading error from an aggregation of
the error data from the vision module and the location module
and p is radius of curvature based on the vision module and
the location module;

@off_vision
Qyision = | Xhead_vision |,
Qeurv_vision
where o, , is the aggregate vision data weight matrix,

Olos vision 18 the vision data weight for off-track error data,
Qroad_vision 15 the vision data weight for heading error data,
and is vision data weight for curvature error data;

CUPV__VISION

Eoft vision

Yvision = | Ehead_vision |»

Prision
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where E, ;- 00, 18 the off track error estimated by the vision
module and E,,, ., .., 18 the heading error estimated by the
vision module, and p,, is a radius of curvature associated with
the vision module;

@off_gps
Fgps = | Fhead_gps |

Qeurv_gps

where o, is the aggregate location data weight matrix,
is the location data weight for off-track error data,

is the location data weight for heading error data,

Qofp_gps
Qea d_gps
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and o, is the location data weight for curvature error

CUrV_gpS
data;

Eotf_gps
Yeps = Ehead_gps |,

Pgps

where B, . is the off-track error estimated by the location
module, B, ., s the heading error estimated by the loca-
tion module, and p,, is radius of curvature associated with
the location module.



